Design. An anatomic study of facet angle orientation and morphology of the lumbar spine was performed.
L ow back pain is the most common reason for a physician office visit in the United States. 1 The vertebral disc-facet complex (DFC) is a pain generator in numerous pathologies of the lumbar spine, including discogenic back pain, 2 lumbar disc herniation, 3 lumbar spinal stenosis, 4 degenerative spondylolisthesis, 5 adult spondylolisthesis, 6 and adult spinal deformity. 7 The orientation of the lumbar facet joint has been shown to be important in the clinical evaluation and surgical planning of numerous conditions, and has been the subject of considerable research. A more sagittal orientation of the lumbar facet joints has been associated with an increased rate of spondylolisthesis and increased degenerative change. Presumably, these pathologies occur as a result of increased shear across the DFC. However, most authors agree that further anatomic characterizations are needed. 8, 9 Recently, pelvic incidence (PI) was introduced as a means to quantify sagittal balance of the lumbar spine, sacrum, and hip joint axis. However, there exist only limited data available regarding its relationship to lumbar facet orientation.
We therefore designed a large cadaveric study with the following goals: (1) Determine the most accurate and reliable way to measure facet angle osteologically, (2) Confirm differences in facet angles at different vertebral levels, and (3) Determine the independent effects of age, gender, race, and PI on facet joint orientation.
MATERIALS AND METHODS

Cadaveric Specimens
Cadaveric specimens from the Hamann-Todd osteological collection (Cleveland, OH), were obtained. This collection contains over 3000 disarticulated human skeletons collected from Cleveland area morgues from the early part of the 20th century. Specimens have been catalogued for age, gender, and race. Six-hundred fifty-one skeletons were randomly selected for analysis by the study authors. Specimens were excluded for having incomplete skeletons (25) , rheumatologic disease (12) , evidence of tuberbulosis 13 or other infections of the spine (10) , incomplete demographic information (four), and suspected Blount's disease (one). In total, 599 specimens were included and 52 were excluded.
Measuring Facet Angle
In our effort to determine the most reliable technique to characterize lumbar facet joint orientation osteologically, two separate protocols were compared by measuring facet angles on 75 specimens.
(1) Boden technique: The first technique was adapted from Boden et al., 14 where a straight line was drawn through the spinous process, and the angle between the facet joints and a perpendicular tangent originating at posterior aspect of the vertebral body was calculated ( Figure 1) . A detailed description is provided (Appendix 1, http://links.lww.com/BRS/ B135). [14] [15] [16] [17] [18] [19] (2) Masharawi technique: The second technique was adapted from Masharawi et al., [20] [21] [22] where a microscribe 3D-digitizer apparatus (Immersion Corporation, San Jose, CA) was used to capture coordinate data in the X, Y, and Z dimensions. After first ensuring a perfectly level testing surface, the device was calibrated using a fixed origin. Specific measurements for each anatomic landmark were taken by triggering a foot pedal to calculate the exact location, in millimeters, of an attached mobile telescopic stylus. Using formulae in the Excel software package (Microsoft Corporation, Redmond, WA), the angles between respective landmarks could be calculated. The microscribe 3D has a positional accuracy of 0.43 mm and a positional resolution of 0.13 mm, according to official documentation provided by the manufacturer.
For both measuring techniques, the most posterior and lateral portions of the posterior aspect of the facet were chosen along with the most anterior and medial portion of the anterior aspect of the facet for respective calculations (Yellow stars in Figure 1 ). Measurements were performed bilaterally at each level from T12-L1 through L5-S1. Facet tropism was calculated in each specimen at each level as the difference in contralateral facet angles. All measurements were performed by a single individual, with another individual performing measurements on 28 specimens to assess inter-experimenter reliability of the measuring technique with the intraclass correlation coefficient (ICC). Intraexperimenter reliability was assessed by the primary author on 75 specimens with 5 days between measurements.
Measuring Pelvic Incidence
PI was measured according to a previously described osteological technique and involved capturing a standardized, direct lateral photograph with the center of sacral endplate marked by a square ruler (Figure 2) . 23, 24 Inter-experimenter reliability was assessed by two study authors by measuring PI on 20 specimens. Intra-experimenter reliability was assessed by one study author with 8-day separation between measurements.
Statistical Methods
All data were analyzed for skewness and kurtosis. An analysis of variance (ANOVA) with Tukey's post hoc comparison was used to determine differences in facet angles and tropism between levels. Multiple regression analysis was used to determine the predictors of facet angle, with age, gender, race, and PI as independent variables. The multiple regression analysis was repeated with each facet joint level set as dependent variables. In each multiple regression analysis, multicollinearity was assessed as negative based on VIF < 10 and coefficient tolerance >0.1, normal probability plots of the regression standardized residual were inspected for normality, scatterplots of the standardized residuals were inspected for homoscedasticity, and the lack Figure 1 . Facet angle was measured according to a previously described technique. After first leveling each individual vertebrae, the angle between the caudad (same-level) spinous process (green line) and each facet angle (red dotted line) was calculated. In this example, facet joints are highlighted with yellow stars at the T12-L1 specimen.
of any undue influence from outliers was confirmed with a Cook's distance <1. Significance was set at P < 0.05.
The Boden technique produced higher inter-experimenter (0.88 vs. 0.81) and intra-experimenter reliability (0.90 vs. 0.66) values. Therefore, the Boden technique was determined to be more reliable; the definitive measurements reported were taken using this technique.
Inter-experimenter reliability for measurements of PI was 0.91, and intra-experimenter reliability was 0.94. For both measurements, results were considered to have ''excellent reproducibility'' (ICC > 0.75) as defined by Fleiss for the agreement of continuous variables. 25 
RESULTS
Six-thousand five-hundred ninety-six facet angles were measured in 599 lumbar spines. The average patient age was 56 AE 10 years at the time of death. There were 79 females (14%) and 520 males. There were 180 African-Americans (31%) and 418 Caucasians (69%), along with one other ethnicity included. The average PI was 48 AE 118.
Facet angle increased rostrally to caudally, from 22.6 þ 8.38 at T12-L1 to 49.1 AE 12.48 at L5-S1 (Table  1 ). The average facet tropism increased from rostrally to caudally from 6.1 AE 5.58 at T12-L1 to 11.2 AE 8.68 at L5-S1 (Table 1 , Figures 3 and 4 ). There was a statistically significant difference between facet angles at different joint levels as determined by one-way ANOVA (P < 0.001). Tukey's post hoc test revealed that facet angle was significantly different between all levels except T12-L1/L1-L2 (P ¼ 0.999) and L4-L5/L5-S1 (P ¼ 0.261), with P < 0.001 for comparisons between all other levels.
There was also a statistically significant difference between facet tropism at joint levels (P < 0.001). Tukey's post hoc test revealed that facet tropism was significantly different between all levels except T12-L1/L1-L2 (P ¼ 0.821) and L4-L5/L5-S1 (P ¼ 0.203), with P < 0.001 for comparisons between all other levels.
The independent correlates of facet angle orientation were computed for each joint level (Table 2 ). Increasing cadaver age was an independent predictor of a sagittal facet angle at L4-L5 and L5-S1. Gender was not a significant predictor of facet angle at any joint level (P > 0.05 for all). Caucasian race was an independent predictor of increasing facet angle (more coronal facets) at L1-L2, L2-L3, L3-L4, and showed strong trends at L4-L5 and L5-S1 (standardized betas ranged from 0.074 to 0.100). On average, Caucasians had facet angles 1.88 greater (more coronally oriented) than African-Americans. PI had no effect on facet angle at T12-L1, L1-L2, L2-L3, or L3-L4, although was a significant predictor of more coronally oriented facet joints at L4-L5 (standardized beta 0.096, P ¼ 0.009), and L5-S1 (standardized beta 0.079, P ¼ 0.032), with a 10-degree increase in PI corresponding to a 1-degree increase in facet joint angle at the two lowest levels. Means with the same superscripts are statistically equivalent by one-way ANOVA and Tukey's post hoc test (alpha <0.05).
Figure 2. Pelvic incidence was measured using a validated osteological technique. Following reconstruction of the pelvic ring, a measuring square was placed centered on the sacral endplate. A direct lateral photograph was captured. Pelvic incidence was measured as angle ABC; the angle between a perpendicular line from the center of the sacral endplate and the center of the hip joint axis.
DISCUSSION
Low back pain is a pervasive problem in all health care systems, yet remains poorly understood. A comprehensive understanding of the relevant anatomy and associated pathologies is necessary for proper spine care. Similarly, understanding the orientation and biomechanics of the zygapophyseal joints is of paramount importance during the evaluation of some of the most commonly treated conditions, such as spinal stenosis, spondylolisthesis, and spondylosis. 1 In a normal spine, the force in each vertebral level is split between the intervertebral disc (anterior column) and the two facet joints (25% in each facet). 26 However, Yang et al. 27 showed that in patients with loss of disc height and degenerative joint disease of the lumbar facets, up to 47% of force may be transmitted through each facet. The facet joints are thoroughly innervated with nociceptive fibers, and this has profound implications for patients who develop degenerative joint disease, a common source of low-back pain. Kalichman et al. 9 have subsequently suggested that a better understanding of facet morphology is necessary, which may prove especially relevant for the treatment of low-back and other spinal pathologies.
Therefore, we determined it would be clinically useful to perform a large review of an osteological collection in order to characterize facet morphology. In doing so, we were able to establish that the technique used by Boden et al. 15 to measure facet angle was more reliable than the Masharawi (3D-digitizer) technique. We suspect that this is likely due to the small working distance between anatomic landmarks, making precise positioning of the telescopic stylus difficult to achieve on a consistent basis. Furthermore, measurements taken with the Boden technique were able to be directly visualized by the experimenter at the time of study, thus allowing for modification of virtual landmarks and measurement lines when necessary.
Using a large, randomly sampled osteological collection, we were able to demonstrate important differences in facet angle between levels, thus corroborating the findings of earlier reports that have shown a gradual increase in facet angle exists when moving from rostral to caudal. The biomechanical explanation for these findings is best interpreted by considering the individual geometries about each level.
The morphology of the LFJ has been described as existing somewhere between a ''C'' and a ''J'' shape; each joint is composed of a large posterior-medial facing concave superior articular process from the caudal vertebral segment, and a paired anterior-lateral facing inferior articular process from the more rostral vertebral level. 28 Adaptations to the relationships of structure and function have changed throughout evolution of bipedalism, including the development of curvatures of cervical, thoracic, and lumbar spines. This has necessitated the lumbar spine to adjust facet joint orientation to better accommodate upright locomotion. 29, 30 The more sagittal orientations of the upper lumbar spine are well suited to allow anterior-posterior motion and facilitate flexion-extension moments. 31 This comes at the expense of limiting axial rotation and lateral bending in this.
Moving caudally down the lumbar vertebrae, facet orientation shifts from the sagittal plane to a more coronal orientation. This allows the lower lumbar spine to better perform rotation and lateral bending. The facets also maintain an oblique orientation (coronally); this serves to disseminate shear and compressive forces over a wider surface area, and may also limit intervertebral torsion. 32 In this collection, increasing PI was shown to be an independent predictor of a more coronal facet orientation in the lower lumbar spine. PI is a recently introduced radiographic parameter designed for evaluation of sagittal balance across the spine, pelvis, and hips.
11 PI has the advantage of being position and posture independent, and remains constant throughout adult age. Numerous studies have shown associations between increased PI and pathologies of the spine, specifically spondylolisthesis, degenerative joint disease, and low-back syndrome. 10, 12, [33] [34] [35] [36] Many authors have implied that PI is an important determinant of facet and spinal alignment; however, to our knowledge, there has only been a single attempt to correlate PI with facet orientation. The results of the present study are in contrast to the radiographic analysis performed by Jentzsch et al., 10 where it was reported that a PI above 508 predicted a facet angle below 458 at the L4-L5 and L5-S1 joints. Those authors evaluated the upper lumbar spine in a separate study and reported opposite results. 17 We suspect that the differences between these two studies and our analyses stems largely from the orientation of the facet joints relative to the axial plane images provided by computed tomography (CT) software. Vrtovec et al. 37 concluded that the computerized measurement technique employed in the Jentzsch study was ''more highly variable'' than manual measurements. Our experiment had the advantage of having the specimens in hand, where each vertebral body was leveled individually. This ensured that the facet angle was directly in the same axial plane as the camera. The methodology provided by earlier authors did not provide information regarding the reformatting CT images, where instead, measurements were only able to be performed on the ''axial planes with the largest intersecting set of the superior and inferior facet joint processes.'' This introduces a similar error found in other radiographic studies, as the facet joint is always oriented in an oblique plane to the horizontal, as determined by lumbar lordosis. As lumbar lordosis is directly related to PI, as those authors and others have shown, this introduces inaccuracies to any measurement of facet angle performed in a nonuniform oblique plane. We were able to account for this in our analyses by individually leveling each vertebrae. In addition, those authors performed a transformation of their data, A positive value indicates a positive independent correlation with increasing facet angle (more coronal orientation). A positive value for race indicated that Caucasians have an increased facet angle. A positive value for gender indicates that females have an increased facet angle. 95% CI indicates 95% confidence interval.
taking measurements taken on a continuous scale (PI, facet angle), and subsequently categorizing them it unto cutoffs, which may not have been clinically or statistically relevant for determining the interactions between both variables. Although we are unsure as to the exact mechanism whereby an increased PI would predict a more coronal facet angle, we postulate it has to do with minimizing shearing forces across the disk-space facet joint complex. Increased PI has been shown to correlate with anterolisthesis, with Kumar et al. 38 proposing a mechanism of increased bending moment across the pars interarticularis, which, in some cases, leads to fracture. We speculate that coronally oriented facet joints may exist, in part, as a compensatory response serving decrease anterior-posterior translation, and thus minimize shear stresses and bending moments. This would establish an anterior restraint to this motion-a more coronally oriented facet joint would provide a buttressing effect. 31, 39 Similarly, a more sagittal orientation of the lumbar facet joints is a well-established cause of anterolisthesis and degenerative joint disease. 8, 18, 40 A remodeling of lumbar facet joint orientation would therefore become an especially practical compensatory response for individuals with increased PI. Although the converse may be true, numerous authors have suggested that PI becomes fixed after adolescence, thus making the former scenario more plausable. 41 Furthermore, the results of this study suggest that facet orientation has the ability to change with age, as discussed above. More data are needed to confirm these relationships, ideally, in a prospective clinical cohort with facet angle measurements collected over time.
In this study, increasing age predicted more sagittally oriented facet joints at the lower spinal levels. Love et al. 42 reported similar findings in a radiographic study. Although some have suggested no change in facet joint angle with age, 20 others have suggested that an arthritic remodeling of the facet joint occurs with age, as the capacity to accommodate wear changes with age has been seen in other joints. 9 Although there clearly exists a correlation between age, arthritis, and facet angle, neither this study nor any done prior can establish causation.
Gender was not an independent predictor of facet angle at any level. Although there exist important gender differences in numerous other spine pathologies, no authors have reported gender differences in facet angles to our knowledge. 20, 21, 42, 43 However, Fujiwara et al. 44 performed a cadaveric study that compared spinal motion segments across genders and found increased lateral bending, flexion, extension in females. Axial rotation was the same. Ha et al. 45 performed an immunohistochemical analysis of the lumbar facet joints and showed that estrogen receptors are present in the facet cartilage, and increased activity was linked to arthritis. We would therefore agree with the conclusions of Kalichman et al. 9 that more data are necessary to determine the appropriate clinical context of these results. 44 The results of this study suggest that Caucasians have a slightly higher facet angle (more coronally oriented) at most levels. To our knowledge, there is only one other report available regarding racial differences in facet joint orientation, wherein no difference was found in the thoracic vertebrae. 20 However, multiple regression statistics were not used in the previous study, which focused on vertebrae elsewhere in the spine. Moreover, numerous reports of racial differences in other anatomic and clinical features have been reported, including an increased rate of spondylolysis and spondylolisthesis in African-Americans. 43, 46 Our results are then best interpreted within the context of those of Masharawi et al., who showed that even a 0.9-degree decrease in facet angle (more sagittal) correlated with spondylolisthesis. 22 It is therefore reasonable to consider that inherent racial differences in facet geometry may exist.
Strengths of our study included a large sample size that was randomly selected from a cadaveric collection. This allowed for the exact visualization of anatomic landmarks in-hand, and avoided the problems seen in previous radiographic studies unable to orient CT imaging to the facet plane. In addition, the use of multivariate regression statistics allowed us to ensure appropriate handling of potentially confounding covariables-the independent effects of each are reported after factoring out influences from other covariates.
However, although the measurements reported in this study may be more accurate and precise than previous radiographic studies, in clinical practice, it has been our experience that PACS systems are inconsistent in their ability to provide reformatted images in an oblique plane-as would be required to directly extrapolate these results directly. Many of the differences seen in this study were very small, and the clinical significance small changes in facet angle remain unclear, although other studies have shown differences in spine pathologies with changes of less than 18. 22 Other limitations included our inability to accurately correlate facet angle changes with any meaningful pathology, although this has been done extensively in other studies. 15, 16, 18, 19, 36, 42, 47 In our analyses, only the axial plane has was considered, whereas the true facet angle lies in an oblique angle. However, previous authors have suggested that all lumbar facet joints are oriented 1708 to the vertical. 20 Our study was perhaps better designed to account for this than radiographic analyses in that we were able to level the vertebral body in the axial plane. Although our data suggest that facet angle has the ability to remodel over time, the data collected were not chronological. Further study regarding facet angle orientation in the same individual over time is to be warranted. There exists limited clinical history available on any of the cadaveric specimens. They were collected from the early part of the 20th century and worked as manual laborers, and their lifestyles may not be representative of modern individuals. However, using this population avoided a selection bias found in previous clinical studies, wherein back-pain is a ubiquitous confounder.
In summary, our large review of a well-catalogued cadaveric collection allowed us to determine the most accurate method for measuring facet angle osteologically and confirmed earlier report of increasing facet angle in lower lumbar levels. We showed that facet angle is determined by several independent predictors, including age, race, and PI. These results suggest that facet joints do possess the ability to remodel over time, perhaps in response to perturbations of sagittal balance, osteophyte formation, or other yet to be determined factors. The relationship between facet angle and sagittal pelvic alignment has not been previously reported and merits careful attention in future studies attempting to associate pelvic alignment with degenerative joint disease and clinical back pain.
Key Points
Facet angle increases from rostrally to caudally, and important differences exist within and among individuals. Facet joints likely do possess the ability to remodel over time, perhaps in response to perturbations of sagittal balance, osteophyte formation, or other yet to be determined factors. Increasing pelvic incidence correlates with more coronal facet orientation, perhaps as a compensatory response to decrease shearing forces.
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